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Lattice straina b s t r a c t
In this work, TiO2 nanotubes were prepared by anodization at a constant voltage in an electrolyte
composed of ﬂuoride species provided by ionic liquid (1 or 5 vol.%), applying 40 or 80 V. Different tube
diameters (21.6, 34.8, 93 and 154.5 nm) were obtained, all of them presenting anatase crystalline phase
with distinctive crystalline sizes and lattice strains. The Li-ion intercalation/deintercalation was studied
and analysed in the light of crystalline structure changes. The amount of Liþ irreversibly trapped was
higher for the samples with larger TiO2 nanotubes compared to narrower ones. This behaviour was
correlated with the lattice strain observed in the samples.
 2013 Elsevier B.V. All rights reserved.1. Introduction
TiO2 nanotubes (TiO2NTs) are a versatile compound and one of
the most investigated nanostructures in material science [1]. Syn-
thesis of 1D TiO2 nanostructures can be achieved using different
routes, and among them, electrochemical methods [2,3] associated
with solvent-free “green electrolytes” e.g. ionic liquid (IL), can be
considered an emergent scientiﬁc issue..
a51@gmail.com (E.C. Pereira).
All rights reserved.ILs are considered powerful solvents and electrically conducting
ﬂuids (electrolytes). Salts which are liquid at ambient temperature
(e.g., 1-butyl-3-methyl-imidazolium-tetraﬂuoroborate, BMIM-BF4)
are important for electric battery applications and also, they could
act as ﬂuoride species precursors during titanium anodization
process. The use of ionic liquid as a source of ﬂuoride species in the
electrolyte during the TiO2NT synthesis process is a quite recent
procedure, with few papers reporting their use. Paramasivam
et al. [4] observed the formation of well-ordered self-organized
TiO2 nanotubes layers in an electrolyte composed by BMIN-BF4
ionic liquid as a ﬂuoride precursor. Also, John et al. [5] synthesized
double-walled vertically oriented TiO2 nanotube arrays using
sonoelectrochemical anodization in an electrolyte inwhich ﬂuoride
Fig. 1. Iet plots during a) TiO2NT-1 (40 V, 1 vol.% IL), b) TiO2NT-2 (40 V, 5 vol.% IL), c)
TiO2NT-3 (80 V, 1 vol.% IL) and d) TiO2NT-4 (80 V, 5 vol.% IL). t ¼ 120 min. T ¼ 25 C.
Inset: initial growth states.
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reported the formation of concentric nanotubes under such con-
ditions. In other work, Wender et al. [6] observed that the
maximum nanotube growth rate was obtained at 1.0 vol.% BMIM-
BF4 ionic liquid ﬂuoride precursor.
Although ILs are a promising electrolyte for battery application
[7], to the best of our knowledge, no paper concerning TiO2NT
prepared using IL electrolytes for Liþ ion intercalation are described
in the literature. As consequence, this paper aims to investigate the
synthesis of self-organized TiO2NTs arrays by anodization in elec-
trolytes composed of BMIM-BF4 ionic liquid as ﬂuoride precursor.
Furthermore, as most of the papers published in the literature
concerning Liþ ion insertion and its relationship with microstruc-
ture parameters have a theoretical approach [8e14], this work
presents a contribution focused on the correlation between crys-
tallite size, lattice strain and reversibility of the Liþ ion insertion
process on TiO2NT.
Therefore, we report the growth of TiO2NT arrays, controlling
basically three experimental parameters, i.e. applied voltage, water
and BMIM-BF4 concentration in the electrolyte.
2. Experimental
2.1. Electrode preparation
TiO2NT arrays were prepared by anodizing 1 cm2 of titanium foil
(99.8% Alfa Aesar) in electrolytes composed of ethylene glycol
(Synth), Milli-Q water (10 vol.%), and 1-butyl-3-methyl-imidazo-
lium-tetraﬂuoroborate (BMIM-BF4 SigmaeAldrich) (1 or 5 vol.%).
Prior to each anodization, all polished Ti samples were degreased in
an ultrasonic bath containing acetone, then rinsed several times in
distilled water, and dried in a N2 stream. Anodization was per-
formed at 25 C using a standard two-electrode cell with the Ti foil
as the anode and platinum foil (4 cm2) as the cathode, which were
kept under a constant applied voltage (40 or 80 V). The voltage was
swept from the OCP to different values using 0.1 V s1 as sweep
rate. The ﬁnal voltage was then hold for 120 min. After the anod-
ization process, the samples were rinsed with distilled water and
thermally treated at 450 C for 120 min in order to: eliminate water
and organic portions; to improve its mechanical stability; to obtain
TiO2-anatase crystalline structure phase. Just after, a cooling rate of
5 C min1 was used.
2.2. Electrode characterization
All electrochemical measurements were performed using an
Autolab PGSTAT-30 Potentiostat/Galvanostat, under argon
controlled atmosphere at room temperature. A platinum wire and
TiO2NTs were respectively used as counter and working electrodes.
All potential were referred to Ag quasi electrode. Cyclic voltam-
metries were carried out using 0.1 M LiClO4 in CH3CN electrolyte.
The X-ray diffraction (XRD) patterns were obtained using a
SIEMENS diffractometer model D-5000 with CuKa radiation and
l ¼ 1.5406 A. The morphology of the nanotubes were investigated
using ﬁeld emission scanning electron microscopy (FESEM) (ZEISS
microscope, model 105 DSM 940A).
3. Results and discussion
Currentetime curves obtained during the formation of the TiO2
nanotube array ﬁlms in the BMIM-BF4 ionic liquid at 40 and 80 V
are shown in Fig. 1. Similar currentetime proﬁle was observed for
all TiO2NT electrodes: A sharp drop in current is observed during
the early stage, due to the formation of an oxide barrier layer [2,3];
followed by an increase in current caused by a ﬂuoride-triggeredprocess of oxide layer pitting [2,3], and then ﬁnally, current rea-
ches up a steady value. Electrodes TiO2NT-1 and 2 exhibited lower
current values compared to TiO2NT-3 and 4, which could be related
to the lowest voltage values used. Also, it is possible to observe that
when using 40 V of applied voltage, the current values increase for
higher IL concentration e.g.1 and 5%, as can be observed for TiO2NT-
1 (40 V and 1 vol.% IL) and TiO2NT-2 (40 V and 5 vol.% IL). This is in
agreement with the reported characteristics of Ti in an F con-
taining electrolyte [2]. During the initial voltage sweep towards 40
or 80 V, there is a current increase until about 5 V and then a
decrease is observed (Fig. 1 e inset). This is very typical for nano-
tube formation and can be ascribed to different stages of tube
growth [3].
In order to obtain more information about the morphology,
FESEM images were acquired for TiO2NT samples, as shown in
Fig. 2.
The average tube diameter obtained at 40 V is near to
21.6 0.7 nm and 34.8 4.2 nm for samples obtained in 1 vol.% and
5 vol.% IL, respectively. For nanotubes obtained at 80 V, the tube
diameters are of 93.0  7.4 nm and 154.6  10 nm for samples
obtained in 1 vol.% and 5 vol.% IL, respectively. Therefore, the tube
diameter can be easily increased if higher IL vol.% and applied
voltage are used. Albu et al. [15] also obtained tube diameters of
around 40 nm and 100 nm in ethylene glycol electrolyte at 40 and
80 V, respectively. In other work, Wender et al. [6] studied the
TiO2NT formation using ethylene glycol:BMIM-BF4:water based
electrolytes. In the latter, the authors observed an increase in tube
diameter when the voltage was raised during the anodization from
20 to 100 V. Paramasivam et al. [4] studied TiO2NT formation using
water miscible and immiscible ionic liquid (i.e. BMIM-X, X ¼ BF4
and PF6 respectively). According to the authors, the formation of
well-ordered self-organized TiO2NT layers in BMIM-BF4 is possible
even without additional ﬂuoride addition. In BMIM-PF6 only the
formation of a compact oxide layer was observed. It is in agreement
with the data exposed above. Under steady-state conditions, the
thickness of the nanotubular oxide layer depends linearly on the
anodization time; that is, the charge passed during anodization [2].
Since all samples were prepared using the same anodization time
(120 min), the nanotube lengths obtained were 1.6 mm.
The cyclic voltammograms for the Li-ion intercalation/dein-
tercalation process are shown in Fig. 3. Only one pair of cathodic/
Fig. 2. FESEM images showing TiO2NTs layers grown by different anodization conditions. Tube diameter: a)w21.6 nm, b) 34.8 nm, c) 93 nm and d) 154.5 nm. Inset: side view of the
TiO2NT layer. tanodization ¼ 120 min.
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observed. The cathodic and anodic peak areas are related to the
insertion and extraction of the Li-ion from the TiO2NTs. The Li-ion
insertion/extraction reaction with the TiO2NT electrodes can be
written as:Fig. 3. Cyclic voltammogram of TiO2NTs in 0.1 M LiClO4 þ CH3CN electrolyte.
v ¼ 2 mV s1. Inset: XRD of TiO2NTs annealed at 450 C. A: anatase and Ti: titanium
diffraction peak.xLiþ þ xe þ TiO24LixTiO2 (1)
The insertion coefﬁcient, x, in the anatase crystalline phase is
usually closer to 0.5 [16].
Ascanbeobserved inthe JCPDS-21-1272data sheet (Fig. 3e inset),
all TiO2NT presents the TiO2-anatase crystalline phase at 2q¼ 25.281
(101). The TiO2NT self-ordered ﬁlm was very thin, as shown in
Fig. 2e inset, once titaniumpeakswere observed (JCPDS-44-1294) at
higher intensities than TiO2-anatase ones.
In Fig. 3, the highest peak current observed was assigned to the
TiO2NT-4 electrode. This sample has the largest tube diameter
(154 nm) among those prepared. Therefore, a direct relationship
between the tube diameter and the number of available sites for the
Li-ion intercalation could reasonably explain the results. However,
considering the same surface area, the number of nanotubes for
small tube diameters is higher than those expected for large tube
diameter samples. Therefore, the above relationship cannot be
correct. Nevertheless, considering Qc/a as the cathode and anodic
peak quotient obtained from the voltammograms (Fig. 3), values
of Qc/a higher than 1 are observed, as the diameter decreases
(Qc/a ¼ 1.58, 1.35, 1.2 and 1.0 for TiO2NT-1, 2, 3 and 4 respectively)
meaning that the amount of Li-ion trapped in the TiO2NTs increases
as the tube diameter decreases. Therefore, more Li-ions are trapped
in those surfaces whose TiO2NT tube diameters are smaller.
A different explanation can be proposed from the X-ray diffraction
data. The crystallite sizes obtained for (101) anatase peak
(2q ¼ 25.281) were of 22.5, 22.8, 29.25 and 33.4 nm [17] for
TiO2NT-1, 2, 3 and 4, respectively (Fig. 3 e inset). In Fig. 4 a
Fig. 4. Crystalline size and lattice strain relation for different Li-ion insertion/extrac-
tion in TiO2NTs.
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possible to conclude that the smaller the crystallite size, the higher
the Li-ion trapped inside the TiO2NTs. Besides, Hardwick et al. [18]
observed that a phase transition from a tetragonal to an ortho-
rhombic structure takes place at different amounts of Li-ion in the
LixTiO2 structure. As a result of this tetragonaleorthorhombice
tetragonal changing structure (during the cyclic voltammetry), the
TiO2NT that exhibits the highest crystallite size i.e. TiO2NT-4 can
modulate the crystalline structure without having several lattice
strains and thus, releasing a higher Li-ion content during the
deintercalation process.
Although nanoarchitectured materials are interesting materials
for Li-ion insertion, the large volume changes upon the lithium ion
intercalation/deintercalation causes severe crystallite stresses,
which can reduce the cycle ability of the material. Using the Wil-
liamsoneHall method [19] to calculate the lattice strain, the values
obtained were: 0.642, 0.540, 0.461 and 0.388% for TiO2NT-1, 2, 3
and 4, respectively, and they are summarized in Fig. 4 as a function
of the Qc/a ratio.
In summary, the smaller the TiO2NT tube diameter, the smaller
the crystallite size and therefore the higher the lattice strain during
Li-ion intercalation. As an outcome there is a higher number of Li-
ions irreversibly trapped in the proper sites. It results in higher Qc/a
values for TiO2NT-1 compared to the TiO2NT-4 values, as observed
in Fig. 3. These propositions are in accordance with Wontcheu
et al. [20], who studied the Li-ion intercalation and lattice strain in
Cr2Ti3Se8 nanomaterials for different Li intercalation degrees, usingfor that, the WilliamsoneHall method [19]. According to the au-
thors [20], a factor of about 6.6 for the increase in the strain among
the set of Cr2Ti3Se8 materials was observed. Moreover, the authors
observed that the values for the lattice strain and changes in the
crystallite size depend on the chemical composition of the host
materials.
4. Conclusions
The TiO2NT synthesized upon different conditions (ionic liquid
vol.% and applied voltage) lead to distinct tube diameters, as ex-
pected. It was observed that the Li-ion ratio trapped in smaller
TiO2NT is higher than in larger ones. This fact was addressed to its
smallest crystallite size, which leads to a higher lattice strain due to
structural changes of the anatase crystalline phase during the Li-ion
insertion.
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